Steroidogenic factor 1 (SF-1) is essential for the development and function of steroidogenic tissues. Stable incorporation of SF-1 into embryonic stem cells (SF-1-ES cells) has been shown to prime the cells for steroidogenesis. When provided with exogenous cholesterol substrate, and after treatment with retinoic acid and cAMP, SF-1-ES cells produce progesterone but do not produce other steroids such as cortisol, estradiol, or testosterone. In this study, we explored culture conditions that optimize SF-1-mediated differentiation of ES cells into defined steroidogenic lineages. When embryoid body formation was used to facilitate cell lineage differentiation, SF-1-ES cells were found to be restricted in their differentiation, with fewer cells entering neuronal pathways and a larger fraction entering the steroidogenic lineage. Among the differentiation protocols tested, leukemia inhibitory factor (LIF) removal, followed by prolonged cAMP treatment was most efficacious for inducing steroidogenesis in SF-1-ES cells. In this protocol, a subset of SF-1-ES cells survives after LIF withdrawal, undergoes morphologic differentiation, and recovers proliferative capacity. These cells are characterized by induction of steroidogenic enzyme genes, use of de novo cholesterol, and production of multiple steroids including estradiol and testosterone. Microarray studies identified additional pathways associated with SF-1 mediated differentiation. Using biotinylated SF-1 in chromatin immunoprecipitation assays, SF-1 was shown to bind directly to multiple target genes, with induction of binding to some targets after steroidogenic treatment. These studies indicate that SF-1 expression, followed by LIF removal and treatment with cAMP drives ES cells into a steroidogenic pathway characteristic of gonadal steroidproducing cells.
S
teroidogenic factor 1 (SF-1), a nuclear hormone receptor (nuclear receptor subfamily 5, group A, member 1), was discovered as a tissue-specific regulator of cytochrome P450 hydroxylase genes (1) (2) (3) . SF-1 is first expressed in the adrenogonadal primordium, before the expression of Sry gene, and continues to be expressed in Leydig and Sertoli cells in the testis, granulosa and theca cells in the ovary, all three layers of the adrenal cortex, and the pituitary and hypothalamus (4, 5) . In the steroidogenic tissues, SF-1 regulates steroidogenic pathways including genes encoding cytochrome P450 enzymes like CYP11A1 (6 -8) , CYP17A1 (9 -10), CYP21A2 (11) , CYP11B1 (3), 3␤-hydroxysteroid dehydrogenase (3␤-HSD) (12) , and other proteins important in steroidogenesis. SF-1 also regulates genes involved in sex determination and development of reproductive tissues including DAX1, AMH, SOX9, SRY, and INHA (13) (14) (15) (16) (17) . Thus, SF-1 plays a central role in development and function of the steroidogenic and reproductive system.
Mouse knockout models of SF-1 have further established the essential role of SF-1 in endocrine development (5, 18 -22) . SF-1 Ϫ/Ϫ mice fail to develop adrenal glands or gonads. In addition, the XY SF-1 Ϫ/Ϫ mice are phenotypically female because they lack gonadal steroids and antimullerian hormone (18) . Because SF-1 deficiency affects multiple genetic pathways that regulate steroidogenic tis-sue development, as well as enzyme and hormone production, it has been challenging to dissect the mechanisms by which SF-1 regulates select pathways such as steroidogenesis. As a result, in vitro models have been used to study SF-1-mediated pathways (7, 23, 24) . Embryonic stem (ES) cells provide a potentially valuable model for studying the differentiation of the steroidogenic lineage and exploring the function of SF-1 in this process. The pluripotent ES cells can be influenced by the expression of certain lineage specific genes, and by treatment with various growth factors or chemicals, to derive a variety of differentiated cell types. For example, ES cells have been induced to differentiate into hematopoietic, neural, cardiomyoctye, and pancreatic lineages among others (25) . Studies also suggest that exogenous SF-1 can induce steroidogenic cell differentiation and function. Mesenchymal stem cells have been shown to produce steroids after transfection with SF-1 (26 -28) . ES cells stably transfected with SF-1 produce progesterone when treated with retinoic acid (RA) and cAMP in presence of 20␣-hydroxycholesterol as a substrate (29) . ES cells have also been differentiated using an inducible form of SF-1 in conjunction with exposure to collagen IV and RA pulses to stimulate the development of adrenocortical-like cells capable of producing corticosterone (30, 31) . These studies suggest that SF-1 initiates a genetic program that enables the ES cells to develop steroidogenic capacity. In this study, we explored various culture conditions for SF-1-expressing ES cells in an effort to develop a protocol for their efficient differentiation into cells with characteristics of the gonadal steroidogenic lineage.
Materials and Methods

ES cell culture, stable cell transfection, and hormone assays
R1 ES cells were cultured on 0.1% gelatin-coated plates in DMEM with nonessential amino acids, sodium pyruvate, 15% (vol/vol) fetal bovine serum, 2 mM L-glutamine, 0.1 mM 2-mercaptoethanol, 20 mM HEPES, 1000 U/ml murine leukemia inhibitory factor (LIF), and antibiotics. Stable ES cell lines expressing cytomegalovirus-driven SF-1 (SF-1-ES) and SF-1-ES-CYP11A1-enhanced green fluorescent protein (EGFP) were selected using 400 g/ml of the antibiotic Geneticin (Life Technologies, Inc., Carlsbad, CA) and 20 g/ml of the antibiotic Zeocin (InvioGen, San Diego, CA), respectively. For the biotin (Bio)-chromatin immunoprecipitation (ChIP) assays, ES cell lines expressing Simian virus 40 promoter-driven bacterial biotin ligase (Bio-ES cells) and Bio-SF-1-ES cells were created using Zeocin and geneticin selection, respectively.
For steroid induction or differentiation experiments, 25 ϫ 10 4 cells were plated in 60-mm plates containing 5 ml media and treated with combinations of 1 mM 8-bromoadenosine-cAMP (Sigma, St. Louis, MO), 0.5 M all-trans RA (Sigma), and 5 g/ml 20␣-hydroxycholesterol (Sigma) as described. Conditioned media were collected after 40 h and assayed for progesterone, testosterone, corticosterone, and estradiol by RIA performed by the University of Virginia Ligand Assay and Analysis Core (Charlottesville, VA).
Plasmid constructions
The SF-1 cDNA was cloned in vector pECFP-N1 (cyan fluorescent protein (CFP) tag removed) (BD Biosciences, Sparks, MD) and transfected into ES cells to create SF-1-ES cells. The biotin ligase gene (BirA) amplified from Escherichia coli genomic DNA was cloned into vector pZeoSV (Invitrogen, Carlsbad, CA) to generate the pZeo-BirA plasmid. For protein biotinylation, plasmid pN-BLRP was created that encoded the biotin ligase recognition peptide (BLRP; 14 amino acid sequence-GLN-DIFEAQKIEWH) on the N terminal of the multiple cloning site in vector pECFP-N1 (cyan fluorescent protein tag removed). The SF-1 cDNA was cloned into pN-BLRP to create pN-BLRP-SF-1. To create pZeoCYP11A1-promoter-EGFP construct, 1.5 kb of the mouse CYP11A1 promoter was amplified from Y1 cell genomic DNA, cloned into pZeoSV replacing the Simian virus 40 promoter. The EGFP gene from vector pEGFP-N1 was then cloned downstream of the C-terminal end of the CYP11A1 promoter.
Cell proliferation assays
For dimethylthiazol diphenyltetrazolium bromide (MTT) cell proliferation assays, ES and SF-1-ES cells were plated in 24-well plates in triplicate. MTT (Sigma) stock solution (5 mg/ml in PBS) was added to the cells at indicated times and incubated for 3.5 h at 37 C. MTT was dissolved by adding solvent (4 mM HCl, 0.1% Nonidet P-40 in isopropanol) and absorbance was read (590 nm) using BioTek Powerwave-XS spectrophotometer (BioTek Instruments, Winsookie, VT).
A 5-bromo-2Ј-deoxyuridine (BrdU) incorporation assay was used to examine the cells in S phase (actively proliferating cell population). Cells were plated in differentiation media. BrdU (30 M; Sigma) was added to the cells at indicated times and incubated for 15 min. Cells were trypsinized, washed with PBS, and fixed by adding 70% ethanol. Cells were treated with 1 N HCl/ 0.5% Triton X-100 to denature DNA, washed with 0.1 M Tris (pH 8), stained using anti-BrdU-fluorescein isothiocyanate-conjugated antibody and analyzed using fluorescence-activated cell sorter (FACS).
FACS analyses
The cells were trypsinized after treatment/differentiation and single-cell suspensions were analyzed using FACS. Green fluorescent protein(ϩ) cells representing CYP11A1 promoter activation were sorted using MoFlo cell sorter (DakoCytomation), with green fluorescent protein(Ϫ) cells as control. For BrdU cell cycle analyses, cells were analyzed using FACS-Calibur flow cytometer (BD Biosciences). FACS data were analyzed using CellQuest software (BD Biosciences).
Gene expression analyses
Total RNA was isolated using Trizol (Invitrogen) and treated with ribonuclease-free deoxyribonuclease (Promega, Madison, WI). Two micrograms of total RNA were reverse transcribed using SuperScriptII reverse transcriptase (Invitrogen) and oligo deoxythymidine (Promega). PCR was performed using standard protocols with equal volumes of cDNA template and IQ-SYBR Supermix (Bio-Rad) using Bio-Rad iCycler-iQ. 18S ribosomal RNA was used as control to calculate relative expression. The amplified PCR products were separated on 2% agarose gels and visualized. The primer sequences are available upon request.
Immunofluorescent staining
Cells were fixed in 10% neutral buffered formalin, permeabilized with PBS containing 0.1%Triton X-100, and blocked with 1% BSA. The cells were immunostained using primary antibodies: rabbit antimouse 3␤-HSD (Abcam, Cambridge, MA), rabbit antirat CYP11A1 (Chemicon International, Temecula, CA), and mouse monoclonal antimouse neuron specific ␤III-tubulin (Abcam) and secondary antibodies: fluorescein antirabbit IgG (Vector Laboratories, Burlingame, CA) or antimouse IgG (Vector Laboratories). Cells were stained with 4Ј,6Ј-diamino-2-phenylindole solution and images were captured using an Axioskop fluorescent microscope (Carl Zeiss, New York, NY).
Embryoid body formation and differentiation
The cells were resuspended in ES cell media without LIF and ␤-mercaptoethanol. Drops (20 l) containing 500 cells were placed on the lid of a petri dish and the lid was inverted over the bottom of the dish. On d 2, embryoid bodies (EB) were transferred to a 0.15% agar-coated dish and cultured further. The 4Ϫ/4ϩ protocol was used for neuronal differentiation (32) with 5ϫ10 Ϫ7 M RA treatment on d 4. After 8 d of culture, EB were plated onto 0.1% gelatin-coated plates, allowed to attach and grow for 2-4 more days, and treated with 250 M cAMP where indicated.
Chromatin immunoprecipitation
Bio-ChIP assays were performed with 5 ϫ 10 7 Bio-ES cells or Bio-SF-1-ES cells as described previously (33) , using streptavidin beads (Invitrogen Dynabeads MyOneStreptavidin T1). The ChIP DNA samples were cleaned using ribonuclease-A and proteinase-K, extracted with phenol-chloroform, and dissolved in water. Equal amounts of the ChIP DNA were used as template for ChIP PCR.
Microarray studies and data analysis
The Illumina (San Diego, CA) gene expression array WG-6 was used for the microarray studies. RNA samples for all cell/treatment [ES cells, SF-1-ES cells, SF-1-ES cells differentiated in LIF(Ϫ) medium and differentiated SF-1-ES cells ϩcAMP] were from duplicate experiments. Differentially expressed genes (DEG) among these samples were used to create a heat map. Gene clusters with significant expression change were analyzed using DA-VID software (http://niaid.abcc.ncifcrf.gov/) to generate gene ontology reports.
Results
Induction of steroidogenesis in ES cells expressing SF-1
In earlier studies, ES cells stably expressing SF-1 were shown to produce progesterone after treatment with 8-bromoadenosine-cAMP, all-trans-RA, and substrate 20␣-hydroxycholesterol because these cells do not have the capacity to process de novo cholesterol (29) . Initially we established a similar cell system by stably transfecting R1 ES cells with the cytomegalovirus promoter-driven SF-1 gene. The ES cells were grown without a feeder cell layer, which allowed isolation of ES cell RNA without contamination by feeder cell RNA. SF-1-ES cells cultured in LIF-containing media exhibited a different morphology compared with the native ES cells (Fig. 1A) . The SF-1-ES cell colonies appeared flat, and individual cells could be discerned in some of the colonies. Similar morphological changes have also been observed upon culture of the SF-1-expressing ES cells on feeder cells (29) . Upon steroidogenic treatment with cAMP, RA, and cholesterol, ES cells and SF-1-ES cells showed different morphological changes. Although the native ES cells showed somewhat uniform morphology upon differentiation, SF-1-ES cells formed colonies with many cells migrating out of the colonies and rounding (Fig. 1A) . The nonuniform population of SF-1-ES cells after treatment suggested that the SF-1-ES cells might be a mixed population with a subpopulation of steroidogenic cells.
SF-1-ES cells treated for 40 h produced about 16 ng/ml progesterone, whereas progesterone levels were less than 2 ng/ml in native ES cell media (Fig. 1B) , indicating that progesterone production was induced 8-fold in SF-1-ES cells relative to the native ES cells.
CYP11A1 is an enzyme that converts cholesterol into pregnenolone, which is further converted into progesterone by the enzyme 3␤-HSD. RT-PCR was performed using RNA collected from the ES and SF-1-ES cells to determine the effect of steroidogenic treatment on the expression of these enzyme genes. Expression of both CYP11A1 and 3␤-HSD mRNA were detectable in unstimulated SF-1-ES cells and were induced 2-to 5-fold after treatment (Fig. 1C) . Of note, the control ES cells also showed low but detectable expression of both the genes after treatment. Cells were also analyzed for induction of other enzymes in the steroidogenic pathway, such as CYP17A1, 17␤-hydroxysteroid dehydrogenase (17␤-HSD), and CYP21A1. However, transcripts encoding these enzymes were not detected (data not shown). Additionally, corticosterone, testosterone, or estradiol was not detected in the cell medium (data not shown).
Characterization of the steroidogenic SF-1-ES cell population
EGFP expression was used to identify cell populations induced into the steroidogenic pathway. Cell lines were created by transfecting a construct containing the EGFP gene driven by 1.5 kb of the CYP11A1 promoter into the SF-1-ES cells and native ES cells (control cells). Several of the SF-1-ES-CYP11A1-EGFP lines showed EGFP expression, indicating some basal activity of the CYP11A1 promoter ( Fig. 2A , top right panel). After treatment with cAMP, RA, and cholesterol, the EGFP(ϩ) population displayed more fluorescence ( Fig. 2A, bottom right panel) and increased levels of CYP11A1 mRNA in comparison with the EGFP(Ϫ) population (data not shown), confirming that the EGFP signal reflected activation of the CYP11A1 promoter.
FACS analysis was used to quantitate the fraction of EGFP-positive cells within the SF-1-ES-CYP11A1-EGFP population (Fig. 2, B and C) . Under basal conditions, about 12% of the SF-1-ES-CYP11A1-EGFP cells were EGFP(ϩ), whereas about 23% of the cells were EGFP(ϩ) after treatment with cAMP, RA, and cholesterol. In contrast, the control cells showed minimal basal EGFP expression and less than 3% of the population was EGFP(ϩ) after treatment with cAMP, RA, and cholesterol. These results indicate that upon stable transfection into ES cells, SF-1 induces CYP11A1 without additional treatment and only a subpopulation of SF-1-ES cells undergoes steroidogenic induction. Because CYP11A1 controls the ratelimiting step of the steroidogenic pathway, its expression in the ES cells is a reliable indicator of a subpopulation of ES cells being primed toward the steroidogenic differentiation path.
ES cells expressing SF-1 preferentially differentiate into steroidogenic lineage
A traditional EB method was used to further assess the differentiation potential of SF-1-ES cells (32) (Fig. 3A) . ES cell differentiation through EB is known to allow differentiation into multiple lineages, starting with all three germ layers (ectoderm, mesoderm, and endoderm), thus emulating the in vivo pathways that occur in early embryonic development. Marked morphological differences were observed in the differentiated ES cells compared with the differentiated SF-1-ES cells. After treatment of the EBs with RA, the native ES cells showed robust neuritic outgrowth, whereas very few neuritic structures were seen in EBs derived from SF-1-ES cells. Consistent with these morphological features, EBs derived from native ES cells showed robust neuron specific ␤III-tubulin staining, indicating neuronal differentiation, but SF-1-ES cells showed little or no ␤III-tubulin staining (Fig. 3B ). After treatment with cAMP, most of the SF-1-ES cell EBs differentiated into cells with an epithelial-like morphology. Although very few of the native ES cells stained positively with antibodies against CYP11A1 or 3␤-HSD, many SF-1-ES cells showed staining for these steroidogenic markers (Fig. 3B) . EBs from SF-1-ES cells also showed increased mesendodermal gene expression (Kdr and Foxa2, data not shown), the lineage that ultimately gives rise to steroidogenic tissues. In parallel experiments, reduced differentiation into cardiomyocytes was observed in the SF-1-ES cell EBs when compared with the ES cell EBs (data not shown). These results demonstrate that SF-1 not only induces the steroidogenic program in ES cells but may also restrict the ES cells from differentiating into other lineages, such as the neuronal lineage.
LIF withdrawal is sufficient to induce steroidogenic lineage differentiation in SF-1-ES cells
In an effort to develop a simplified protocol for ES cell differentiation toward the steroidogenic lineage, we tested different culture conditions that allowed differentiation.
These conditions included the presence or absence of RA, cAMP, cholesterol, and LIF for different periods of time, followed by analysis of progesterone production (Fig. 4) . In the media containing LIF, cAMP treatment for 7 d caused SF-1-ES cells to differentiate into a morphologically nonuniform population. Although many colonies were observed in the culture, some SF-1-ES cells migrated out of the colonies. cAMP treatment of SF-1-ES cells induced detectable progesterone production, whereas the native ES cells showed no steroid production (note text in image). These results indicated that in the presence of SF-1, ithelial-like morphology. These cells also produced detectable levels of progesterone, whereas the native ES cells did not (Fig. 4) .
Upon treatment with cAMP and RA for 7 d in the presence of LIF, more ES cells had a neuronal morphology. However, the SF-1-ES cells became round, which has also been seen in other cell lines upon steroidogenic induction (34 -36) . These cells showed increased progesterone production compared with the individual treatments.
Differentiation was also induced by the removal of LIF. By d 4, the ES cells in LIF(Ϫ) media differentiated into a heterogeneous population, with most cells undergoing apoptosis (Fig. 4) . Many of the SF-1-ES cells also underwent apoptosis. However, by 4 d most of the surviving SF-1-ES cells showed an angular epithelial-like morphology and droplet accumulation (shown in higher magnification in Fig. 4, insert) . By d 7, the SF-1-ES cells became a more homogeneous population with epithelial-like morphology, whereas the native ES cells showed progressive apoptosis and few cells proliferated after 7 d.
SF-1-ES cells differentiated in LIF(Ϫ) media for 7 d were also treated with cAMP for 3-4 d. The overall differentiation protocol is depicted schematically in Fig. 5A . This produced a 6-fold higher amount of progesterone than any of the previous differentiation protocols (Fig. 5B) . In this protocol, the cells also showed significant staining for CYP11A1 and 3␤-HSD compared with the ES cells along with characteristic cell rounding (data not shown).
LIF removal, combined with cAMP treatment, induces multiple steroidogenic pathways in SF-1-ES cells
The SF-1-ES cells were allowed to differentiate beyond d 7 in LIF(Ϫ) media and then treated with cAMP at different time intervals. With cAMP treatment for 4 d starting on d 8 of differentiation in LIF(Ϫ) culture media, the cells were found to produce testosterone and estradiol on d 12 (Fig. 5B) . CYP17A1, 17␤-HSD, CYP21A1, CYP11B1, and CYP19A1 were also induced in the SF-1-ES cells (Fig. 5C ). This differentiation protocol therefore advanced the SF-1-ES cells further down the steroidogenic lineage in comparison with the protocols previously described. Increased expression of the steroidogenic enzymes shows that the cells have the capacity to process multiple steroid hormone intermediates and produce terminal pathway steroids (testosterone, estradiol). These steroids were produced without the addition of exogenous substrate cholesterol, thus allowing cells to use de novo cholesterol to produce multiple steroids.
SF-1 affects ES cell proliferation in growing and differentiating cell populations
In LIF-containing media, SF-1-ES cells were observed to have a higher doubling rate than the native ES cells, and this observation was assessed further in MTT proliferation assays. Beginning with an equal number of cells, SF-1-ES cells showed a 1.5-fold higher proliferation compared with ES cells at 24 h in LIF(ϩ) media (Fig. 6A) . During differentiation in LIF(Ϫ) medium, the ES cells and SF-1-ES cells showed different cell death and proliferation patterns. In the BrdU cell proliferation assay, the native ES cells showed a constant decrease in cell proliferation ( 
FIG. 3. Differentiation of SF-1-ES cells after the formation of EBs. A, Schematic illustration of the protocol for differentiation of cells through EB formation. B, ES cells and SF-1-ES cells were differentiated as EBs
SF-1 binds directly to select target genes in ES cells during steroidogenic induction
A Bio-ChIP assay was used to assess SF-1 binding to candidate target genes. Cells expressing biotin ligase (BirA) and biotin-tagged SF-1 (Bio-SF-1-ES cells) were shown to produce biotinylated SF-1 (Bio-SF-1) protein that could be isolated from cell lysates with streptavidin beads and detected by Western blot analysis (data not shown). ES cells expressing only BirA (Bio-ES cells) were used as a control. ChIP assays were performed using Bio-ES cells and Bio-SF-1-ES cells without treatment or after steroidogenic induction with cAMP, RA, and cholesterol. SF-1 binding to known control regions of target genes was analyzed (Fig. 7A) and the results were represented as fold enrichment relative to input (Fig. 7B) . The ChIP assays confirmed Bio-SF-1 binding to the steroidogenic acute regulatory protein, CYP11A1, and 3B-HSD promoter regions. SF-1 binding to melanocortin 2 receptor promoter was detected only when the cells were treated with cAMP, RA, and cholesterol.
Microarray analysis of SF-1 differentiated ES cells
Microarray analysis was performed using RNA collected from ES cells and from undifferentiated and differentiated SF-1-ES cells. The results corroborated the expression pattern of select genes measured by semiquanititative RT-PCR (data not shown). Among the genes with significant changes in expression, several clusters were identified (Fig. 8 ). Of particular interest were genes up-regulated in SF-1-ES cells compared with native ES cells (cluster 1), genes up-regulated in SF-1-ES cells after differentiation (cluster 2), and genes up-regulated only in differentiated SF-1-ES cells treated with cAMP (cluster 3). These gene clusters were analyzed using DAVID software (http://niaid.abcc.ncifcrf.gov/) and showed enrichment of genes that belonged to various gene ontology categories. Cluster 1included genes related to cell growth (e.g. CDC20 and MCM5) and stem cell and mesodermal cell differentiation (e.g. TCF15 and WNT3A). Many of these genes were down-regulated upon differentiation of the SF-1-ES cells, which included Oct4 and Nanog. Cluster 2 included genes involved in apoptosis (e.g. BCL10, Caspase6, and Caspase8), angiogenesis (e.g. VEGF-A, VEGFR-1, and NPR1), and mesodermal lineage and tissue (heart and muscle) development (e.g. FHL2, CXADR, PITX2, and CD164). Cluster 3, the steroidogenic cell population, included genes involved in hormone /steroid biosynthetic processes (e.g. HSD17b2 and CYP17a1). The gene ontology report for this cluster is provided in Supplemental Table 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals.org.
Discussion
SF-1 plays a pivotal role in the establishment and development of the steroidogenic lineages. The adrenal glands and the gonads fail to develop in SF-1 null mice and the progenitors of the adrenogonadal tissue undergo apoptosis during early embryonic development (5, 37, 38) . Thus, SF-1 plays a role in progenitor cell proliferation and survival as well as acting directly on multiple steroidogenic target genes (24) . Based on these features, SF-1 has been characterized as a master regulator of steroidogenesis. However, a challenge with loss of function studies, including tissue-specific, Cre-mediated deletion of SF-1 is that the tissues do not develop, thereby precluding functional analyses of SF-1 target genes. As an alternative, steroidogenic cell lines, such as Y1 adrenal cells (23) or MA-10 Leydig cells (7), as well as other cell lines transfected with SF-1 (24) have been used to identify target genes, signaling pathways and synergistic factors that act in concert with SF-1 (17) . The SF-1 targets identified in these and other studies include many steroidogenic enzymes as well as other transcription factors that control the various biochemical steps required for steroidogenesis (1, 10, 39 -42) . However, these models remain
FIG. 4. Effects of different treatment protocols on the differentiation of SF-1-ES cells. ES cells and SF-1-ES cells were differentiated in modified culture media as indicated at the left side of the panel.
Progesterone production was measured in case of the cells differentiated in presence of LIF and absence of an external source of cholesterol. The amount of progesterone produced is indicated in the bottom right of the corresponding figures. Progesterone production in the absence of LIF is described in Fig. 5 . ND, Not detected.
somewhat limited because the cell lines are incompletely differentiated, with steroid synthesis limited to progesterone production.
Although transiently transfected SF-1 is capable of stimulating target gene promoter activity in differentiated cell lines such as human embryonic kidney 293 or TSA201 cells (43) , stably expressed SF-1 is not capable of activating endogenous steroid synthesis (31, 44) . These findings indicate that although the nuclear receptor subfamily 5, group A, nuclear receptors, SF-1 and LRH-1, can replace OCT-4 in the reprogramming of somatic cells (45), they are not sufficient to redirect differentiated cells into a steroidogenic pathway. An alternative approach has been to induce steroidogenic lineage development in pluripotential ES or mesenchymal stem cells (26) (27) (28) (29) (30) (31) 46) , analogous to approaches used for other tissue types (25) . Crawford et al. (29) stably expressed SF-1 in murine ES cells. After treatment with RA and cAMP, these cells produced progesterone, albeit with a requirement for an exogenous membranepermeable source of cholesterol. Other groups (31) found that SF-1 expression in ES cells was toxic, leading to cell death after removal of LIF. Consequently, SF-1 has been introduced into bone marrowderived adult mesenchymal stem cells using stable transfection (31, 44) or using adenovirus mediated delivery (26 -28) . These studies show that SF-1 induces both murine and human mesenchymal stem cells to differentiate into a steroidogenic lineage, with further differentiation after treatment with cAMP. The murine lines differentiated largely into the glucocorticoid pathway (44) , whereas the human lines exhibited features of both gonadal and adrenal lineages (28) . Of note, other transcription factors involved in adrenal or gonadal development, including Wilms' tumor 1, dosagesensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome, gene 1, C-terminal domain-2, PBX-1, and WNT4 failed to induce steroidogenesis, suggesting that this property is relatively unique to SF-1 (28).
Initially we replicated the findings by Crawford et al. (29) by stably transfecting murine ES cells with SF-1and inducing steroidogenesis with RA, cAMP, and cholesterol. These SF-1-ES cells showed morphological changes and induction of CYP11A1 and 3␤-HSD and produced progesterone (Fig.  1) , confirming that SF-1 induces the rate-limiting steps of the steroidogenic cascade. However, these cells did not produce other steroid products, nor did they show further steroidogenic pathway gene induction. Given the relatively limited steroidogenesis associated with this protocol, we developed a series of alternative approaches to enhance cellular differentiation. Broadly these strategies included: 1) cultures in the presence of LIF with variations in the order and length of treatment with RA and cAMP; 2) use of EB to allow differentiation to occur before plating and various treatments; and 3) removal of LIF to induce differentiation followed by various treatments. Although the LIF withdrawal protocol proved most effective for inducing steroidogenesis, each of these protocols provided insights into SF-1-mediated differentiation of ES cells. The reagents of differentiation used here, RA and cAMP, are both known to play important roles in development and lineage establishment in vivo and in vitro. RA has been used to differentiate ES cells into multiple lineages such as cardiomyocytes (47) , adipocytes (48), vascular muscle cells (49) , and neuronal lineage cell types (50) . The cAMP signaling pathway plays a critical role in the acute steroidogenic response of adrenal and gonadal cells upon tropic hormone stimulation (51) and is also known to be involved in SF-1-mediated expression of target genes including CYP11A1 (7) and INHA (17) . In the presence of LIF, either RA or cAMP is capable of stimulating steroidogenesis, although the combination is more effective (Fig. 4) , suggesting that multiple pathways must be activated, in addition to SF-1, for effective steroidogenesis. The EB experiments demonstrated that SF-1-ES cells are relatively resistant to neuronal differentiation after RA treatment (Fig. 3B) , suggesting that SF-1 restricts some differentiation pathways and enhances the steroidogenic pathway. In contrast, cAMP treatment of plated EB induced an epithelial-like morphology and markedly enhanced the expression of steroidogenic enzyme genes. RNA from differentiated SF-1-ES cells derived from EB showed the upregulation of mesendodermal marker genes (data not shown), suggesting that SF-1 may foster this differentiation pathway. During development in vivo, the urogenital mesoderm is known to give rise to the adrenogonadal primordium (38) .
Removal of LIF from ES cells induces apoptotic cell death as well as P38/MAPK activation and differentiation of surviving cells along various lineages (52, 53) . We hypothesized that LIF withdrawal in the presence of SF-1 expression might drive the ES cells farther down the steroidogenic pathway. As expected, LIF withdrawal initially resulted in massive cell death. However, after this initial crisis, a subpopulation of SF-1-expressing cells emerged and developed distinct morphologic features including droplet formation at d 3-4 after LIF withdrawal. The cells developed an epithelial-like morphology after 7-8 d of differentiation and growth. Surprisingly, these cells ultimately recovered proliferative capacity (Fig. 6) . Others have reported that SF-1-expressing ES cells do not survive after LIF withdrawal (31) . The reason for this difference is not clear but could be caused by relative levels of SF-1 expression or the culture conditions. It seems likely that the ES cells must undergo significant reprogramming after LIF withdrawal. This is reflected in the gene expression profiles and the recovery of proliferative potential. Although there is not much evidence that SF-1 is directly involved in cell proliferation or survival in mammals, SF-1 is thought to promote cell proliferation through the activation of cyclin D1 transcription during ovarian development in chick embryos (54) . In our studies, the presence of SF-1 increased the cell doubling times during routine culture and was documented further in MTT and BrdU proliferation assays (Fig. 6) . It is plausible that SF-1 plays distinct roles in cell proliferation and differentiation pathways, depending on the presence of other transcription factors and signaling pathways. The combination of LIF withdrawal and prolonged treatment with cAMP resulted in the greatest amount of progesterone production (Fig. 5B) . Moreover, SF-1-ES cells treated with this protocol were the most fully differentiated along the steroidogenic lineage as evidenced by up-regulation of multiple steroidogenic genes and the production of progesterone, testosterone, and estradiol (Fig.  5, B and C) . Importantly, these cells were differentiated enough to be capable of using de novo cholesterol as a substrate for steroid production. In this differentiation protocol, exposure to cAMP plays an important role, affecting both the morphology and the extent of differentiation. cAMP is also known mediate the action of tropic hormones that stimulate steroidogenesis (e.g. ACTH, LH, FSH) and to influence SF-1 action on many target genes including CYP11A1, CYP11B1, CYP21, and STAR (55) .
Microarray studies confirmed that each step in this protocol was associated with significant changes in gene expression profiles (Fig. 8) . For example, Oct4 was up-regulated in SF-1-ES cells and was down-regulated upon differentiation of these cells. Consistent with these results, Oct4 has recently been shown to be up-regulated by SF-1 in ES cells (56) . As expected, LIF removal causes major alterations in gene expression, up-regulating many pathways and down-regulating others. Of particular note, cAMP treatment after LIF withdrawal alters expression of a number of genes, constituting cluster 3 in Fig. 8 . The up-regulated genes include several steroidogenic enzyme genes along with a variety of other signaling molecules and secreted proteins. Clearly more detailed analyses of these pathways will yield insight into how SF-1 directs differentiation.
Differentiation of the SF-1-ES cells using LIF withdrawal and cAMP treatment appears to favor a gonadal cell type lineage. The differentiated cells produced testosterone and estradiol with robust induction of CYP17A1 and 17␤-HSD. RT-PCR results indicated up-regulation of the desert hedgehog receptor, Patched1, in the differentiated cells (data not shown), consistent with a fetal Leydig cell-like pathway (57, 58) . Of note, LH receptors were not detected in either the microarrays or by RT-PCR (data not shown). In the developing testis, the fetal Leydig cells are known to arise from SF-1-positive somatic progenitor cells (59) . Recent studies have suggested that the testicular interstitial progenitor cells may contain multiple cell types expressing different cell surface markers like v-maf musculoaponeurotic fibrosarcoma oncogene homolog B, cmaf proto-oncogene, and vascular cell adhesion protein 1, even before the establishment of the Leydig cell lineage or the testis cord architecture (60 -62) . In addition, vascularmesenchymal signaling through Vegf and Pdgf (60) and Notch (62) may also influence interstitial cell development through cell-cell interactions. Ultimately it should be possible to characterize these, and other, pathways during various stages of SF-1 mediated in vitro differentiation. In addition to the interstitial cell pathway genes, other genes important for gonadal/testicular development and function were also up-regulated after SF-1-ES cell differentiation. For example, Sox17 is thought to be transcriptional activator in premeiotic and postmeiotic testicular germ cells (63) . Bcl-w is a prosurvival factor of Sertoli cells and testicular germ cells (64) , and coxsackie and adenovirus receptor is important in the establishment of Sertoli and germ cell adhesion (65) . Although CYP21A1 and CYP11B1 were also expressed, corticosterone was not produced at detectable levels. These findings contrast with those of Yazawa et al. (44) , who expressed SF-1 in mesenchymal stem cells or used a tetracycline-inducible system to activate SF-1 expression after differentiating ES cells along the mesenchymal pathway by culturing them on collagen IV-coated dishes (31) . Under these conditions, the cells preferentially produce corticosterone. These comparisons are of great interest because they suggest that the further manipulation of differentiation conditions may allow the selection of specific steroidogenic lineages with characteristics of Leydig, granulosa, or various types of adrenocortical cells (reticularis, fasciculata, glomerlosa).
In summary, we demonstrate that ES cells can be directed along the gonadal cell steroidogenic lineage through expression of SF-1 and differentiation by LIF withdrawal and cAMP treatment. The differentiation protocol described here provides an effective in vitro method to study the molecular mechanisms of steroidogenic tissue development.
